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With the continual improvement in our quality of life, indoor air quality has become an
important area of concern in the twenty-first century. Indoor air quality is affected by many
factors including the type and running conditions of indoor pollution sources, ventilation
conditions, as well as indoor activities. Studies revealed that the outdoor environment is
also an important factor that cannot be neglected for indoor air quality studies. In this
review, the indoor and outdoor air pollution relationships obtained from different studies
are discussed in order to identify the key factors affecting the indoor air quality. As climate
change is recognized as imposing impacts on the environment, how it affects the indoor air
quality and the health impacts to the occupants will be evaluated in this paper. The major
challenges and opportunities in indoor/outdoor air pollution studies will be highlighted.
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INTRODUCTION
With rapid development of the economy and booming popu-
lation growth, an enormous amount of resources (e.g., energy,
water, and food) is required in our society to sustain our activi-
ties. As a result, various kinds of pollution have been produced.
Among the various pollution problems, air pollution has caused
major concern over the world due to its widespread nature, dam-
age to our environment and potential health risk to humans.
Although concern has been raised regarding the emission of air
pollutants from anthropogenic sources, our society still relies
heavily on fossil fuels for various applications such as electric-
ity generation, transportation, industrial and domestic heating,
and so on. An obvious result of this is the deterioration of our
air quality, particularly in developing countries. Air pollution has
become a public concerned problem in modern metropolises.
Numerous studies in physics, chemistry, geography, and other
relevant areas have been conducted to investigate the cause and
seriousness of the air pollution problems (Seinfeld, 1986). At the
same time, the issue of indoor air pollution also piqued the inter-
est of many scientists, as people spend most of their time (>80%)
indoors (Jenkins et al., 1992). Although the time people spent
indoors varies with season, age, gender, type of work, health con-
ditions of inhabitants, and so on, good air quality can safeguard
the health of the occupants and increase the productivity of work-
ers. Apparently, indoor air quality should be better than outdoor
air quality due to the shielding effect of buildings and possi-
ble installation of ventilation and air cleaning devices. However,
for those combined indoor and outdoor air quality studies in
literature, more than 2/3 have found indoor air pollutant con-
centration higher than outdoor (Chen and Zhao, 2011). This
indicates the importance of conducting more studies in order to
enhance our understanding on the cause of problems and associ-
ated remedial measures. Meanwhile, the number of publications
related to indoor air pollution has increased tremendously in
recent decades. Many studies have confirmed that indoor air qual-
ity is highly affected by outdoor air quality. Therefore, to solve
our pollution problems, both indoor and outdoor environment
should be considered. In this paper, various issues of indoor air
quality and how it is affected by the outdoor air quality in urban
environment will be discussed.
OUTDOOR ENVIRONMENT
Outdoor air pollutants mainly consist of NOx, SO2, O3, CO, HC,
and particulate matters (PM) of different particle sizes. In urban
areas, these pollutants are mainly emitted from on-road and off-
road vehicles, but there are also contributions from power plants,
industrial boilers, incinerators, petrochemical plants, aircrafts,
ships and so on, depending on the locations and prevailing winds.
Comparatively, the contribution from cross border sources is less
significant in urban areas due to its increased distance from the
pollution sources. However, urban air quality is highly affected by
city design. Densely distributed and deep street canyons (build-
ings with large building height to road width ratios) can block and
weaken the approaching wind, thus reducing its air dispersion
capability (Cheng et al., 2009; Li et al., 2009, 2010). On the other
hand, good urban design can disperse air pollutants and alleviate
the problems of air pollutant accumulation (Li et al., 2005, 2009;
Santamouris, 2013).
INDOOR AIR POLLUTANTS AND SOURCES
INDOOR AIR POLLUTANTS
A number of air pollutants have been recognized to exist indoors,
including NOx, SO2, O3, CO, volatile and semi-volatile organic
compounds (VOCs), PM, radon, and microorganism. Some of
these pollutants (e.g., NOx, SO2, O3, PM) are common to both
indoor and outdoor environments, and some of them may be
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originated from outdoors. These air pollutants can be inorganic,
organic, biological or even radioactive. The effect of these air pol-
lutants on humans depends on their toxicity, concentration and
exposure time, and may vary from person to person. The most
common effect is called sick building syndrome (SBS), in which
people experience uncomfortable or acute health effects such as
irritation of nose, eyes and throat, skin ailments, allergies, and so
on. The cause may not be identified, but the syndromemay disap-
pear after an affected person leaves the office or building. Indoor
air quality can be improved and SBS can be reduced when the
ventilation rate of the room is improved (Wargocki et al., 2000).
The indoor air quality also affects the performance of workers
and office staff. Wyon (2004) found that the performance of real
office work would be significantly and substantially affected by
changes in indoor environmental quality and that the work per-
formance could be significantly enhanced by removing common
indoor sources of air pollution.
SOURCES OF INDOOR AIR POLLUTANTS
Table 1 shows the source of various indoor air pollutants, and
their health impacts. According to theWorld Health Organization
(WHO), around 3 billion people in the world still cook and heat
their homes using dirty solid fuels (such as waste wood, char-
coal, coal, dung, crop wastes) on open fireplaces, cooking stoves
or kangs, which generates a large amount of air pollutants (such
as SO2, NOx, CO, and PM). Even worse is that these air pollu-
tants may accumulate in the indoor environment if the indoor
air is not well ventilated, which seriously affects the health of the
inhabitants (WHO, 2014). There are also many anthropogenic
sources (such as wooden construction materials, oil based paints,
fragrant decorations, and indoor plants) emitting VOCs at a vari-
ety of concentrations. These VOCs (such as formaldehyde) may
be carcinogenic, while some of them (such as turpenes) may
react with ozone to form secondary fine suspended indoor parti-
cles (Weschler and Shields, 1999). Wallace (1985) indicated that
many indoor sources of toxic organics exist among thousands
of consumer products and building materials. Radon, a color-
less carcinogenic radioactive gas and the second most important
cause of lung cancer inmany countries (EPA, 2014a), causes prob-
lem in many houses built with stony construction materials or
basements with poor ventilation. There are also biological sources
including pets, dust mites and humans. The existence of these
indoor air pollutants increases the risk of people with breath-
ing problems, such as asthma sufferers, and with compromised
or underdeveloped immune systems.
Many studies (He et al., 2004; Liu et al., 2006; Raunemaa et al.,
1989) indicate that indoor air quality is highly related to indoor
activities such as smoking, cleaning or conducting combustion
processes such as cooking and using a fireplace. He et al. (2004)
quantified the effect of indoor sources on indoor particulate con-
centrations and emission rates from different types of indoor
sources and activities, and found that cooking related activities
could increase PM during the process and elevate the indoor
particle number concentration by 1.5 to 27 times.
EFFECTS OF OUTDOOR ENVIRONMENT ON INDOOR AIR
POLLUTION
INTERACTION OF OUTDOOR AND INDOOR AIR
Many studies indicate that indoor air quality is affected by out-
door air (Baek et al., 1997; Jones et al., 2000; Kuo and Shen,
Table 1 | Indoor air pollutants, sources and health impacts.
Type of indoor air
pollutant
Sources Health impacts
PM Cooking stoves; fireplaces; smoking; outdoor air Respiratory and cardiovascular illnesses
SO2 Cooking stoves; fireplaces; outdoor air Impairment of respiratory function
NO2 Cooking stoves; fireplaces; outdoor air Irritate the lungs and lower resistance to respiratory
infection
CO Cooking stoves; fireplaces; water heater; outdoor air Highly toxic and fatal at a conc. 700 ppm
Ozone Air cleaning device with high voltage; outdoor air Asthma and allergic triggers
VOCs (such as
formaldehyde, turpenes)
Building materials including carpet, plywood (emit
formaldehyde); Paint and solvents; Clothing (after dry
cleaning) (emits tetrachloroethylene, or other dry cleaning
fluids); air fresheners, incense, other scented items; certain
plants (emit turpenes)
Some are carcinogenic; can also trigger the formation
of photochemical oxidants, such as peroxyacyl nitrates
(PAN) and aldehydes, which cause eye irritation
Radon Exuded from earth and rocks such as granite and gneiss in
certain locations with low ventilated air and trapped inside
houses
Radioactive; leading cause of lung cancer in
non-smokers
Biological air pollutants
(gasses and airborne
particulates)
Pets (dander), human (dust from minute skin flakes and
decomposed hair), dust mites (enzymes andµm-sized fecal
droppings), inhabitants (methane), wall and air-duct (mold)
Increase risk for people with breathing problems, such
as asthma sufferers, and with compromised or
underdeveloped immune systems
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2010; Meadow et al., 2014; Fung et al., 2014). Kuo and Shen
(2010) found a similar increase in concentration of PM2.5 and
PM10 in both indoor and outdoor air during a dust storm event
and interpreted the cause to be the extraction of outdoor air
from their building’s ventilation system. Baek et al. (1997) stud-
ied the I/O relationships in Korean urban areas and confirmed
the importance of ambient air in determining the quality of
indoor air. In their study, the majority of the VOCs measured
in both indoor and outdoor environments were derived from
outdoor sources. Recently, Fung et al. (2014) found evidence
of diesel exhaust being extracted into a mechanically ventilated
building from unloading trucks, which is a quite common phe-
nomenon for those fresh air intakes designed at low level. Jones
et al. (2000), in their study on the indoor and outdoor rela-
tionships of PM in domestic homes in different locations of
Birmingham, UK, found, through the study of the chemical
composition, that fine lead and sulfate particles exist in indoor
indicating the penetration of air from outdoor sources to indoor
environment.
Most of the literature studied the influence of outdoor envi-
ronments on indoor air quality (Raunemaa et al., 1989; Freijer
and Bloemen, 2000; Cyrys et al., 2004; Chen and Zhao, 2011).
However, indoor air quality also affects outdoor environments.
Lonc and Plewa compared the indoor and outdoor bioaerosols in
poultry farms and found that the farm buildings are emitters of
microbiological contaminants in the atmosphere that may affect
human’s health (Lonc and Plewa, 2010, 2011).
These results provide strong evidence of the existence of an
interaction between indoor and outdoor air, but the relative con-
tributions of each depends on the interaction pathways discussed
in the following section.
PATHWAYS OF OUTDOOR AIR POLLUTANTS TO INDOOR
ENVIRONMENT
There are three main mechanisms that allow outdoor air to enter
and affect indoor environments: mechanical ventilation, natural
ventilation and infiltration (Figure 1). Mechanical ventilation can
be driven by a ventilation fan or air conditioner of a dwelling, or
by a central air conditioning system of a building, all of which
draws in outdoor air from their fresh air intakes. Natural venti-
lation is driven by prevailing wind flow and occurs whenever the
doors and windows of the room/building are open. Even without
these ventilations, air exchange between indoor and outdoor envi-
ronments can still occur through cracks and leaks in the building
envelope, a process called infiltration, which may be significant
for a building with poor sealing. Due to these three mechanisms,
the air pollutants from outdoor can penetrate into the indoor
environment, and can either be diluted or accumulated accord-
ing to the ventilation condition. Johnson et al. (2004) studied the
key factors affecting air exchange rate (AER) and the relationship
between indoor and outdoor concentrations of traffic-related air
pollutants. They found that AER was affected by both temper-
ature and wind speed, and tended to increase with increasing
the number of opened windows and doors connected to exterior.
Furthermore, both the outdoor and indoor pollutant concentra-
tions were suggested to be the variable of choice for predicting
indoor pollutant concentration.
This indicates that indoor pollution sources, ventilation con-
ditions, and even the outdoor environment can affect indoor air
pollution. In recent years, there have been an increasing number
of studies on the relationship between indoor and outdoor air
pollutant concentrations under different conditions. These stud-
ies and their main findings will be discussed in the subsequent
sections.
I/O POLLUTANT CONCENTRATION RELATIONSHIP UNDER DIFFERENT
CONDITIONS
Ventilation had a strong influence on both indoor particulate and
gaseous concentrations, but the effect on each of themmay be dif-
ferent due to the difference in the physical nature of the pollutants
and source characteristics.
There is substantial interest in the study of particulate size
and concentration variations in indoor and outdoor environment
under different measuring and ventilation conditions (Dockery
and Spengler, 1981; Baek et al., 1997; Monn et al., 1997; Abt
et al., 2000; Koponen et al., 2001; Adgate et al., 2002; Chan, 2002;
Cyrys et al., 2004; Cao et al., 2005; Meng et al., 2007; Diapouli
et al., 2008; Hoek et al., 2008; Massey et al., 2009; Menetrez et al.,
2009; Pekey et al., 2010; Gunnarsen et al., 2014; Ji and Zhao,
2014). Cyrys et al. (2004) studied the I/O ratios of particle and
black smoke under different ventilation conditions and found the
lowest I/O ratios under closed window conditions, whereas the
highest I/O ratios were achieved under well-ventilated environ-
ments. In addition, indoor and outdoor pollutant concentrations
were correlated, more than 75% of the daily indoor variations
could be explained by the daily outdoor variations. Meanwhile
Blondeau et al. (2005) studied the I/O relationship in eight French
schools with natural and mechanical ventilation, and found that
the I/O ratios of NOx vary from 0.5 to 1, but no correlation with
building permeability was observed. On the other hand, the I/O
ratios of O3 vary in the range of 0 to 0.45, and low I/O ratios are
strongly influenced by the building air-tightness.
Particles of different sizes may exhibit different characteristics
during the interaction between indoor and outdoor air. Monn
et al. (1997) studied the indoor-outdoor relationship of particu-
lates with different particle sizes in 17 homes in Switzerland with
natural ventilation. In those homes without any indoor sources
and with low human activity, the PM10 I/O ratio was about 0.7.
Of the indoor sources, smoking is the most dominant factor and
I/O can be raised to >1.8. On the other hand, in homes not
containing any apparent source, human activity is an important
contributing factor to high I/O ratios. In their study of the PM
I/O relationship, Jones et al. (2000) found that the I/O ratios are
greater for fine than coarse particles, indicating a higher pene-
tration of fine particles or enhanced indoor deposition of coarse
particles. Diapouli et al. (2008) measured the indoor and outdoor
PM at schools with ventilation and found the I/O ratios close to
or above one for PM10 and PM2.5, but smaller than one for ultra-
fine particle. However, similar to other research findings, they also
observed very high I/O ratios (>2.5) when there were intense
indoor activities such as human movement, smoking, and so on.
Massey et al. (2009) determined the indoor/outdoor relationship
of fine particles with sizes less than 2.5µm in residential homes
located in central India, and found that the average I/O ratios for
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FIGURE 1 | Sources and pathways of indoor air pollutants.
PM2.5, PM1.0, PM0.5, and PM0.25 were close to or above one
in roadside and in rural areas while they are less than one for
urban areas. Furthermore, the I/O ratios obtained were linked to
the indoor activities as recorded by the occupants.
Chen and Zhao (2011) reviewed the relationship between
indoor and outdoor particles in the literature, and found that
very high PM2.5 I/O ratios (i.e., >3.0) occur in the presence of
indoor smoking and combustion sources such as a fireplace, while
low I/O ratios (i.e., <1.0) are strongly related to fewer indoor
sources, the use of air filtration devices or buildings with good
seals (Figure 2). This latter finding is in line with the findings of
Diapouli et al. (2008). They further concluded that the I/O ratios
are affected by many factors and varied enormously, in many
cases depending on the indoor conditions (such as the occupancy
and ventilation rate) and opined that the I/O ratio is not use-
ful in understanding the I/O relationship of particulates (Chen
and Zhao, 2011). Ji and Zhao (2014) modeled the contribution
of indoor PM2.5 from outdoor and found that the indoor par-
ticle level is related to both indoor and outdoor sources. They
suggested that the management strategy of windows and kitchen
ventilators for particulate control should be decided according to
the particle levels of both indoor and outdoor environments.
Indoor air quality is affected by outdoor air quality, which
in turn, is affected by ambient meteorological conditions. Chan
(2002) studied the effect of meteorology on the I/O ratio of PM10
and NOx in a university student office in Hong Kong. Through
statistical regression techniques, they found that temperature,
humidity and solar irradiation play a vital role in the variation of
the pollutant concentration’s I/O ratio, which shows a convincing
tendency to become more concentrated when these three weather
parameters are increased. However, in the same study, pressure
and wind speed were found to play a less significant role in this
I/O relationship.
Compared with particulates, there are relatively fewer stud-
ies related to airborne bacteria or microorganism such as fungi.
Garrett et al. (1997) studied the seasonal and I/O relationship
of airborne fungal spores in 80 homes in Australia, and found
that, although there is a significant seasonal variation in spore
levels in both indoor and outdoor environments, outdoor spore
levels influenced indoor levels significantly and were consistently
higher throughout the year. Lee et al. (2006) also found that the
indoor fungal and pollen levels followed the outdoor levels, and
indoor levels were mostly lower. However, as compared to fun-
gal ratios, the pollen I/O ratios were very low (medium 0.025),
suggesting that only a small fraction of pollen penetrated from
outdoor to indoor environments, likely due to its larger size.
Takahashi (1997) found that the indoor fungi levels were signifi-
cantly correlated with the indoor temperature and RH, as well as
outdoor climatic factors such as temperature, RH and precipita-
tion. Recently, Meadow et al. (2014) conducted a temporal study
of indoor airborne bacterial communities in a high-traffic univer-
sity building installed with a hybrid HVAC system, and found that
indoor bacterial communities closely tracked outdoor communi-
ties, and human-associated bacterial genera were more than twice
as concentrated indoors.
As these results demonstrate, the contribution of indoor
PM from outdoor environments varies from study to study,
and some of the results are even contradictory. Diapouli et al.
(2013) reviewed various studies that estimate the concentration
of indoor particles of outdoor origin. The review was focused
on three major affection factors: air exchange rate, penetra-
tion efficiency and deposition rate, of which the latter two are
Frontiers in Environmental Science | Air Pollution January 2015 | Volume 2 | Article 69 | 4
Leung I/O air pollution
FIGURE 2 | I/O ratio of PM2.5 from different studies in literature (Reprinted from Atmos. Enviro., Vol. 45, Chun Chen, Bin Zhao, Review of relationship
between indoor and outdoor particles: I/O ratio, infiltration factor and penetration factor, pp. 275–288. Copyright 2010, with permission from Elsevier).
considered difficult to obtain due to the difficulty in provid-
ing truly independent values for the calculation. The study on
the contribution of indoor/outdoor particles to total personal
exposure may be useful for studying the complex relationships
between personal/ambient/indoor levels and PM-induced health
effects (Diapouli et al., 2013).
IMPLICATION OF CLIMATE CHANGE ON INDOOR AIR
QUALITY
Climate change is a global phenomenon caused by the exces-
sive emission of greenhouse gasses such as carbon dioxide and
methane. An importance consequence of climate change is global
warming, which not only affects the outdoor environment, but
also impacts building performance and occupant behavior.
The urban heat island is a well-known phenomenon that
normally occurs in cities, which causes many problems to inhabi-
tants, particularly those in tropical environment (Memon et al.,
2009; Memon and Leung, 2010). Global warming worsens the
heat island effect in metropolises and affects occupant behavior,
such as prolonging their time indoors and extending their usage
of air conditioners. Thus, possible public health consequences
may arise due to increased human exposure to indoor chemi-
cal and biological pollutants. Sailor (2014) studied the risks of
extreme thermal conditions in buildings in the US associated with
climate change, and found that, under hot summer conditions,
the interior air temperatures may rise to very uncomfortable lev-
els in the case of an air conditioning system failure. The results
of the study highlight the importance of designing buildings and
their interior to account for these extreme conditions. Pakpour
et al. (2014) studied the effect of climate change on airborne fun-
gal spores and found that the total outdoor fungal spore count
increased significantly due to warmer weather. Since many com-
mon indoor fungi had a likely origin outdoors, there is a high
possibility of elevated indoor fungal spore abundance due to
climate change.
Nazaroff (2013) explored the consequences of climate change
for indoor air quality and identified three classes of factors that
may have important influence on indoor air quality: pollutant
attributes (increased outdoor pollutant concentrations increase
indoor exposure), building features (ventilation capability due
to climate change mitigation) and human behavior (human
responses to climate change).
With the release of more studies, people have become more
aware of the effects of climate change on indoor air quality and
on our health. Vardoulakis et al. (2014) reviewed the health effects
of climate change in the UK indoor environment, and indicated
that climate change may potentially amplify existing health risks
associated with exposure to indoor air pollutions. To counter-
act this, they suggested that mitigation and adaptation policies
in the residential building sector could benefit the health of the
occupants. The US Institute of Medicine conducted a compre-
hensive literature review in 2011 to investigate the effect of climate
change on indoor air quality. Inadequate evidence can be found
associating climate change with induced alterations in the indoor
environment and any specific adverse health outcomes, but there
is evidence that climate change may exacerbate existing indoor
environmental problems and introduce new problems (Institute
of Medicine, 2011). It further claimed that it was vital that public
health be placed in the forefront of the criteria taken into account
in making decisions on issues that affect indoor environments,
such as applying energy conservation measures for combating
climate change. The US Environmental Protection Agency also
considers climate change to be an important issue for indoor air
quality. In late 2013, it announced the provision of $4.5M in fund-
ing to study the effects of climate change on indoor air (EPA,
2014b) with emphases on the following aspects with potential to
affect human health in indoor environments:
• Changes in pesticide use and ventilation patterns;
• Changes in VOC exposure resulting from increased thermal
insulation;
• Changes in exposure to bioaerosols and VOCs resulting from
decreased ventilation and increased relative humidity;
• Increases in radon exposure resulting from reduced ventilation;
and
• Changes in the proportion of time spent outdoors vs. indoors.
Hopefully, a clearer picture on the different effects of climate
changes on indoor air quality can be obtained through the above
studies.
CHALLENGES AND OPPORTUNITY
Information about the I/O ratio of air pollutant concentra-
tions is a crucial component in human exposure and health
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impact assessments of indoor environment. There are many chal-
lenges in carrying out I/O ratio study due to the presence of
many influential factors, such as the outdoor weather and pol-
lutant concentrations, indoor ventilation and infiltration rates,
source strength, human activities, and so on. At present, most
of the studies involving I/O ratios are experimentally oriented
and the results are diverse. There are very few computational
models that predict indoor air quality and its relationship to out-
door conditions (Raunemaa et al., 1989; Freijer and Bloemen,
2000). There are two approaches to evaluate this I/O relation-
ship: a dynamic mass balance model that calculates distribu-
tions of transient I/O ratios, and the assumption of a linear
relationship between indoor and outdoor pollutant concentra-
tions. The theoretical relationship between these two approaches
and the applicable conditions has not yet been fully examined
in detail (Freijer and Bloemen, 2000), so this is a potential
area of future study. Furthermore, as the outdoor climate may
undergo significant change in this and the next century, more
research efforts should be directed at how climate change will
affect the indoor pollution environment and the associated health
impacts.
CONCLUSION
Good indoor air quality is critically important to safeguard-
ing our health since we spend most of our time indoors. Many
sources of air pollutants exist indoors, emitting different types
and amounts of air pollutants depending on the materials and
fuels used, as well as the type of human activity. Air pollutants
can also penetrate indoor environments through mechanical and
natural ventilation, and infiltrate through gaps and leaks in doors,
walls and windows. The amount of air pollutant transported
in and out of dwellings depends on the ventilation and infil-
tration rate of the outdoor air, and the existing indoor and
outdoor air quality. As the overall indoor air quality depends on
the contribution of both the indoor and outdoor environments,
measures and strategy to control indoor air pollution should
be formulated according to the relative contribution of indoor
and outdoor sources under different conditions. There are chal-
lenges in performing I/O ratio studies due to the presence of
so many influential parameters. At present, most of the studies
are experimentally oriented, and there is no unique model that
can predict indoor air quality and its relationship with outdoor
conditions.
I/O ratio is a commonly used parameter to represent the rel-
ative strength of indoor air pollutant concentration with respect
to the immediate outdoor environment. Results in the literature
show that large I/O ratios are normally due to the presence of
intense activities such as smoking and cooking, while lower I/O
ratios are the result of fewer sources and good building insula-
tion. Although there are large variations in I/O ratios for different
measurements, it is still the most commonly used parameter for
various studies. On the other hand, there is growing evidence
that global climate change also affects the indoor air quality
and the pollutant exposure level of occupants. Additional studies
are necessary to establish a more comprehensive understand-
ing of how climate change will affect the health of residents in
homes.
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